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ABSTRACT 
Measurements of flow rates are essential for production monitoring and reservoir performance studies. Development of dual-
energy spectral gamma ray Multiphase Flow Meters (MFM) has improved measurement accuracy significantly. MFM gained 
acceptance in the industry for the last decade especially offshore due to benefits such as small size, economical attractiveness 
and because of operational safety in sour environments. 
Fluid properties are among the required inputs for MFM to perform multiphase flow measurements. MFM accuracy may be 
affected by erroneous fluid description, which can happen due to changing compositions of producing fluids over time, 
especially in the H2S fraction. Therefore maintaining MFM accuracy during sour gas re-injection could become questionable. 
The scope of this study is to show how sour gas re-injection will change the H2S fraction in producing fluids. To determine 
the extent of changes in H2S content, reservoir simulation studies have been performed based on a real sour oil field in 
Kazakhstan. The effects of reservoir heterogeneity, well placement and gas injection methods on the speed and magnitude of 
compositional changes have been evaluated. For all simulated cases, the resulting errors in rates caused by changing fluid 
description during sour gas re-injection have been assessed. As a conclusion, clear recommendations are given on the 
frequency of updates of fluid properties required to maintain MFM accuracy.  
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Abstract 
Measurements of flow rates are essential for production monitoring and reservoir performance studies. Development of dual-
energy spectral gamma ray Multiphase Flow Meters (MFM) has improved measurement accuracy significantly. MFM gained 
acceptance in the industry for the last decade especially offshore due to benefits such as small size, economical attractiveness 
and because of operational safety in sour environments. 
Fluid properties are among the required inputs for MFM to perform multiphase flow measurements. MFM accuracy may 
be affected by erroneous fluid description, which can happen due to changing compositions of producing fluids over time, 
especially in the H2S fraction. Therefore maintaining MFM accuracy during sour gas re-injection could become questionable. 
The scope of this study is to show how sour gas re-injection will change the H2S fraction in producing fluids. To determine 
the extent of changes in H2S content, reservoir simulation studies have been performed based on a real sour oil field in 
Kazakhstan. The effects of reservoir heterogeneity, well placement and gas injection methods on the speed and magnitude of 
compositional changes have been evaluated. For all simulated cases, the resulting errors in rates caused by changing fluid 
description during sour gas re-injection have been assessed. As a conclusion, frequency of updates of fluid properties required 
to maintain MFM accuracy.  
 
Introduction 
Increasing energy demand and decreasing volumes of conventional oil force the oil industry to develop new technologies to 
produce unconventional oils such as heavy oil and sour fluids. The main challenge of producing from sour fields is high H2S 
content, which is very toxic and corrosive. Nowadays there are different ways to deal with disposal of waste gases (Abou-
Sayed, Summers and Zaki, 2005). The most economically attractive is injection of sour gas back into the reservoir, if the 
current situation of sulfur market is taken into account. Moreover sour gas injection has several upsides in terms of 
environment protection and enhanced oil recovery (Davison et al., 1999). The main advantages of sour gas are low minimum 
miscibility pressure, high density and high viscosity which allow better displacement efficiency. When the decision of sour gas 
injection is considered extensive evaluations of subsurface and surface risks have to be undertaken, such as miscibility, cap 
rock integrity, asphaltene precipitation, early gas breakthrough and chemical interactions between H2S and reservoir connate 
water (Bennion et al., 1996; Ceragioli and Gianelli, 2008). There are some examples of acid gas and sour gas injection in 
Canada, US, Middle East and Kazakhstan (Malik et al., 2005; Abou-Sayed et al., 2005). 
One of the challenges of sour fields is metering, especially in an environment of high pressures and high rates. 
Conventional separators in these harsh conditions require a lot of operational effort to perform measurements with acceptable 
accuracy and minimal HSE hazards. The recent developments of MFM provides lots of benefits, but the main is operational 
safety (Poyet, Ségéral and Toskey, 2002; Pinguet, Roux and Hopman, 2006; Mus et al., 2006).  
MFM needs input data from gamma ray detector and fluid properties for multiphase flow rate measurements. Any 
uncertainties or changes in the input data will generate errors in the flow rates.The importance of appropriate PVT input to 
obtain accurate flowrates was discussed in an early study (Theuveny et al., 2001). Sensitivity analysis on the main fluid 
properties was carried out and MFM was robust to all changes and maintained high level of accuracy. But H2S fraction 
variation was only in the gas phase and only 1%. During sour gas re-injection H2S content may increase by considerably 
higher than 1%, depending on the initial reservoir fluids and re-injection sour gas compositions.  
Maintaining accuracy of MFM in sour environments was discussed in a more recent study (Mohammed, 2008), where only 
changes in operating pressure were analyzed without any variations in H2S content. So far no simulation studies have been 
carried out to estimate the real extent of the changes in fluid properties, and therefore performance of MFM during sour gas re-
injection is still uncertain. 
A paper on PVT sampling at MFM (Jayawardane and Theuveny, 2002) showed that representative fluid samples will 
obtain more accurate PVT description and reduce errors in measurements during compositional changes. A special tool was 
created (Hollaender et al, 2007) to take fluid samples at MFM and provide all necessary PVT input data for processing 
Imperial College 
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software. The problem of maintaining accuracy of MFM during the changes in fluid properties was solved. But the frequency 
of sampling to maintain certain level of accuracy during compositional changes was unknown. This again required 
compositional simulation study with sour gas re-injection to determine the real ranges of compositional changes and estimate 
expected errors in flow rate measurements, which in turn will help to estimate required frequency of sampling to maintain 
accuracy of MFM. The purpose of this study is to run compositional simulation model to determine: 
 The extent of compositional changes during sour gas re-injection, 
 Key reservoir properties influencing the speed and the magnitude of changes in H2S fraction, 
 Expected errors in flow rate measurements of MFM during 30 years of sour gas re-injection. 
 Maintenance programme for MFM to keep 3% accuracy level in flow rate measurements  
The compositional simulation model will be based on the real data of sour field in Kazakhstan (Malik et al., 2005; 
Francesconi et al., 2009; Moroni et al., 2009; www.offshore-technology.com). The operational conditions for MFM are 
expected to be very difficult. Maintaning accurate flow rate measurements during sour gas re-injection with high H2S content 
fluids and in the environment of high pressures and high rates is a big challenge for MFM.  
The brief discussion of principles of MFM and explanations of errors in rates due to changes in compositions are discussed 
in the next section.  
 
Dual energy spectral gamma ray MFM. The principle of MFM is described in the study (Scheers and Skijkerman, 1996). 
Basically it consists of a Venturi tube with sensor for differential pressure measurements to calculate total flow rate, and dual-
energy spectral gamma ray detector with radioactive source to measure gas, water and oil fractions. Pressure and temperature 
sensors are installed to convert results from line conditions to standard conditions. A blind tee mixer homogenizes multiphase 
flow before measurements and conditions the flow between phases Fig. 1. 
The radioactive source emits gamma rays through production fluids at different energy levels, and a detector on the other 
side of the tube counts gamma rays which are not absorbed by the fluid mixture. Only two energy levels, low and high, are 
used for the fraction calculation. Gamma ray attenuation of each component at low energy is a function of its atomic weight 
and thus of composition. Therefore water can be distinguished from hydrocarbon, because it contains oxygen. For the same 
reason MFM is sensitive to H2S content, since sulfur is heavier than carbon, hydrogen and oxygen. 
 
 
Fig. 1 Dual energy spectral gamma ray MFM. 
 
On the other hand, the second energy level is related to density differences, allowing for differentiation between gas and 
liquid. Sum of all fractions of fluid mixture are equal to unity. Mathematically it is a system of three linear equations with 
three unknowns   𝛼𝑜, 𝛼𝑔 and 𝛼𝑤 Eq. 1 
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- Linear attenuations of each phase are obtained from fluids properties, using mass attenuations and densities Eq. 2. 
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- Linear attenuations of the mixture are calculated using gamma ray counts attenuated in the fluid mixture 𝑁 and in the 
vacuum 𝑁𝑣𝑎𝑐 . D- Venturi throat diameter Eq. 3. H, L- refer to high and low energy levels. 
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A graphical representation of fraction calculation is in Fig. 2. Apexes of the triangle represent each phase. The operating 
point shows fractions of the mixture. Changes in fluid properties will change the position of the apexes, from blue rounds to 
red squares due to increasing H2S content in both oil and gas phases. The operating point will give fractions based on the blue 
triangle, different from the results obtained from the true composition represented by the red points. Therefore MFM will give 
errors in fractions and thus rates during compositional changes. However accuracy of measurements can be preserved if fluid 
description will be updated for new compositions. 
 
 
 
Fig. 2 Fraction calculation using graphical representation. Fig. 3 Example of a Venturi tube. 
 
Total mass flow rate is calculated by using a Venturi tube, where restriction in diameter of pipe creates pressure drop Fig. 
3. Some corrections are required for total mass flow rate due to turbulence, slippage and fluid expansion Eq. 4. C- are 
corrections. Using total mass flow rate and fractions, volumetric flow rates are calculated for each phase. The study (Atkinson 
et al., 2004) provides volumetric flow rate calculation in more details. 
𝑄𝑡𝑜𝑡𝑎𝑙 = 𝐶√2𝜌∆𝑃 ………….................................................................................... ...........................................................(4) 
 
Research Method 
Reservoir model description. The reservoir model in the base case is a homogeneous slab by 6km x 6km x 1km and with 
strong aquifer support from the side Fig. 4. It is a deep reservoir with high reservoir pressure and temperature. Reservoir rock 
has low porosity and low permeability Table 1. Relative permeability curves are shown in Fig.C-8 - Fig.C-10. It is a light oil 
with very high H2S content. Initial reservoir oil compositions are given in the Table 2. Phase envelope is obtained by using 
nine components Peng Robinson equation of state Fig.C-11. No free gas is present in the reservoir at initial reservoir 
conditions. 
                       Table 1 General reservoir properties used 
in simulation model. 
Table 2 Initial reservoir oil and re-injection 
sour gas compositions. 
 
Fig. 4 Reservoir model. Circles with 
blue color mean pressure support from 
aquifer, red is from gas injection and 
green is from reservoir. 
 
 
 
Nine production wells and two sour gas injection wells are drilled through all thickness of the model. All production wells 
are divided into three groups. Wells 1, 2, 3 are in the group-A, where pressure is supported only by gas injection, wells 4, 5, 6 
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Permeability, mD 1 
NTG 0.6 
Swc 0.157 
Sorw 0.25 
API 45 
GOR, Mscf/stb 2.4 
H2S, mole fraction % 15% 
Thickness, ft 3280 
Depth, ft 15000 
Pi, psia 11353 
Ti, F 221 
Psat, psia 3130 
FCMP,psia 3460 
Aquifer Yes 
Production wells 9 
Injection wells 2 
 
Component Reservoir oil Sour gas 
H2S 0.15286 0.19060 
CO2 0.05095 0.06459 
C1 0.43301 0.55077 
C2 0.06461 0.08116 
C3 0.05004 0.05880 
C4 0.03750 0.03411 
C5 0.02711 0.01426 
C6 0.02650 0.00569 
C7+ 0.15741 0.00003 
SUM 1.00000 1.00000 
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are in group-B, where pressure is supported by both gas injection and aquifer and wells 7, 8, 9 are in group-C where pressure 
is supported only by aquifer. The reason to have these groups is to compare compositional changes with different pressure 
support methods.   
The separation scheme in Fig. 6 is used to avoid any liquid hydrocarbon to be re-injected back into reservoir. Sour gas for 
re-injection is taken directly from separator SEP5. Initial compositions of sour gas are given in Table 2. 
 
Sour gas re-injection process. The experiments on miscibility of reservoir oil with sour gas showed that First Contact 
Miscibility Pressure (FCMP) is much lower than initial reservoir pressure Table 1. Therefore all injected gas will be dissolved 
in reservoir oil at initial conditions, increasing concentration of H2S. Moreover, the sour gas itself becomes more H2S 
concentrated after the mixture of reservoir oil and sour gas (miscible oil bank) breaks through Fig. 7.  The Compositional 
simulation model showed that the H2S mole fraction in miscible oil bank at reservoir conditions increases form 15.29% to 
17.99%, and in sour gas itself H2S mole fraction increases from 18.00% to 19.12%. The H2S content in producing fluids is not 
expected to exceed that in injection sour gas. It only may happen due to chemical reactions or bacterial activity in the reservoir 
that may increase H2S content. In that case mass spectrometry analysis is suggested to find the reason of increasing H2S 
content in reservoir fluids (Martins and Marques, 2006). 
 
Simulation production data. To avoid numerical dispersion effects in simulation results grid size was sensitized. Three cases 
with different grid numbers 17x17x15, 45x45x30 and 73x73x30 have been compared. Numerical dispersion had influenced the 
first case significantly. It has higher Gas-Oil Ratio (GOR) and earlier breakthrough Fig.D-20. The second case was chosen as 
base case because third case takes a lot more computational time even though difference in results is not significant.  
Production data of the simulation model during sour gas re-injection for the base case are shown in Fig 5. The field GOR 
started to increase after 14 years of production, it is due to arrival of miscible oil bank. The maximum allowed water cut is 
20% to avoid corrosion. Wells closer to aquifer (group-C) are closed as the water cut reached that threshold. This resulted in a 
significant reduction of field oil production. Sour gas injection rate is controlled by the maximum allowed bottomhole 
pressure, which is set to prevent reservoir rock from fracturing. The gas injection rates increase with time, and after miscible 
oil bank breaks through all produced gas is re-injected back into reservoir. Reservoir pressure declines rapidly at the 
beginning, but after closure of the wells in group-C reservoir pressure stabilizes. The main production data such as oil rates 
and GOR are similar to the real oil field data in Kazakhstan (www.offshore-technology.com). Confirming that the reservoir 
compositional simulation model can be used for compositional monitoring studies and applied at the field. However the 
method of obtaining of compositions at the well head has to be validated.  
 
 
Fig. 5 Production data  of compositional simulation model during 
sour gas re-injection. 
 
Fig. 6 Separation scheme. 
 
Fig. 7 Schematic view of sour gas re-injection. 
 
Validation of method. Since MFM measures rates at the well head conditions, all fluid properties have to be at well head 
conditions as well. Necessary data for error calculation are oil, water, gas densities and flow rates and compositions over time. 
Unfortunately simulator does not have a keyword to output all those parameters at the well head. A separator SEP1 was 
installed to represent well head conditions and obtain changing fluid properties. It chooses different separation pressure for 
different well head pressure intervals during simulation Fig. 8. But the drawback of this method is stepwise behaviour of all 
parameters during tubing head pressure decline. It is acceptable to have this inaccuracy, because MFM will be compared 
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against SEP1, not against true wellhead condition rates. SEP1 does not impact on final product of separation scheme. All it 
does is to make flash calculations and put all fluids back into the next step of separation. Each production well has this 
separation scheme, so compositional changes are monitored on each well and errors in rates are estimated individually. 
Temperature at well head was decided to be constant, because of difficulties of setting SEP1 with changing temperature and 
pressure simultaneously.   
 
Fig. 8 The comparison of wellhead pressure and SEP1 pressure when oil rate production is 18000bopd per well. 
 
To check the consistency of results from SEP1 cases with 15000bopd, 18000bopd and 25000bopd oil production per well 
were compared. The main parameters to check are tubing head pressure and SEP1 pressure, oil and gas densities, and oil and 
gas flow rates at SEP1. For all production rates SEP1 pressure changes accordingly to the pressure changes at the well head 
Fig. 8, Fig.C-2 and Fig.C-4. Oil density increases and gas density decreases with lower operating pressure Fig. 9. Gas rate 
goes up and oil rate goes down with decreasing pressure at SEP1 Fig. 10. During all pressure changes at SEP1 produced fluids 
had the same compositions, proving that SEP1 does not impact on the final product of separation scheme. To sum up, 
separator SEP1 used in simulation model gives realistic results and can be used for compositional monitoring at the well head 
during sour gas re-injection.  
 
Fig. 9 Oil and gas densities at SEP1. Production rate is 
18000bopd. 
 
Fig. 10 Oil and gas flowrates at SEP1. Production rate is 
18000bopd. 
 
Workflow of assessing errors in rates caused by changing fluid properties. The first step is the calculation of the actual 
fractions of each phase at the well head using flow rates obtained from SEP1 and neglecting slippage between phases Eq. 5.  
𝛼𝑜,𝑤,𝑔 =
𝑞𝑜,𝑤,𝑔
∑ 𝑞𝑜,𝑤,𝑔
 ……………………………………………………………………………………………………………(5) 
The second step is the calculation of the changing fluid properties i.e. mass attenuations  𝜇𝑜,𝑔,𝑤
𝐻,𝐿  and densities 𝜌𝑜,𝑔,𝑤 to 
obtain changing linear attenuations of each phase 𝐴𝑜,𝑤,𝑔
𝐻,𝐿
 using Eq. 2. The densities of each phase are requested from SEP1. 
The mass attenuations are calculated using 𝑤𝑓𝑖 - weight fractions of each component requested from SEP1 and 𝜇𝑖
𝐻,𝐿
-mass 
attenuations of each component, which are constant values Eq. 6.  
𝜇𝑜,𝑔,𝑤
𝐻,𝐿 = 𝑤𝑓𝑖 𝜇𝑖
𝐻,𝐿……………………………………………………………………………………………………………(6) 
Solving direct problem of the matrix in Eq. 1 linear attenuations of the fluid mixture are calculated 𝐴𝑚
𝐻,𝐿
. This will represent 
gamma ray counts of producing fluids during sour gas re-injection.    
Then the inverse problem of the matrix in Eq. 1 will be solved, knowing the attenuations of the producing fluid 
mixture  𝐴𝑚
𝐻,𝐿 during sour gas re-injection, and applying fluid PVT model 1 with static mass attenuations 𝜇𝑜,𝑔,𝑤
𝐻,𝐿  and densities 
𝜌𝑜,𝑔,𝑤 fractions for each phase 𝛼𝑜,𝑔,𝑤
1  will be obtained. The densities are obtained from the differential liberation experiment 
using fluids with initial composition. The static mass attenuations are calculated using Eq. 5, but only for initial fluid 
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composition and at the initial operating pressure regime. Any changes in pressure, temperature or composition will change 
mass attenuations and therefore introduce errors in rate measurements. Errors in gas rate, liquid rate and water-liquid ratio 
(WLR) are calculated at line conditions using Eq. 7, Eq. 8 and Eq. 9. These equations neglect slippage, fluid expansion and 
turbulence. 
𝜃𝑔 =
𝑞𝑔
1
𝑞𝑔
− 1 =
𝛼𝑔
1
𝛼𝑔
√
𝜌𝑜𝛼𝑜+𝜌𝑤𝛼𝑤+𝜌𝑔𝛼𝑔 
𝜌𝑜
1𝛼𝑜
1+𝜌𝑤
1 𝛼𝑤
1 +𝜌𝑔
1𝛼𝑔
1 − 1…………………………………………………………………………..…….(7) 
𝜃𝑙 =
𝑞𝑙
1
𝑞𝑙
− 1 =
𝛼𝑜
1+𝛼𝑤
1
𝛼𝑜+𝛼𝑤
√
𝜌𝑜𝛼𝑜+𝜌𝑤𝛼𝑤+𝜌𝑔𝛼𝑔 
𝜌𝑜
1𝛼𝑜
1+𝜌𝑤
1 𝛼𝑤
1 +𝜌𝑔
1𝛼𝑔
1 − 1 …………………………………………………………………………….(8) 
𝜃𝑊𝐿𝑅 =  
𝛼𝑤
1
𝛼𝑜
1+𝛼𝑤
1 −
𝛼𝑤
𝛼𝑜+𝛼𝑤
 …………………………………………………………………………………………………..(9) 
Then the same inverse problem of the matrix in Eq. 1 will be solved using PVT model 2 with dynamic mass 
attenuations 𝜇𝑜,𝑔,𝑤
𝐻,𝐿  , which are the functions of changing pressure and temperature. The model 2 consists of a table of mass 
attenuations calculated using Eq. 5 at different SEP1 pressures, but for the fluid with initial composition. This PVT model is 
robust to the mass transfers of components between phases during changes in operating pressure.  Both static and dynamic 
models are not consistent during compositional changes. Schematic view of workflow of error calculation is shown in Fig. 11.  
 
 
Fig. 11 Workflow of evaluating errors in rates during sour gas injection. 
 
Maintenance Programme. The errors in rates due to changing fluid properties were calculated during 30 years of sour gas re-
injection for well-1 in the base case with 2000m well placement using workflow in Fig. 11. The PVT model 1 with static mass 
attenuations starts to generate errors during changes in operating pressure Fig. 12. Whenever errors in rates increase beyond 
the 3% accuracy level, fluid sampling is carried out to obtain new fluid properties. The static model requires fluid sampling 
five times during pressure changes (2 times at the beginning are not visible in the figure). The errors in rates stabilizes to one 
value, when the minimum allowed well head pressure is reached and no further pressure decline will occur. As expected, the 
dynamic mass attenuation allows maintaining measurements accuracy until miscible oil front arrives after 14 years of 
production (5220 days) Fig. 13. Both models generate errors in rates during compositional changes. However the dynamic 
model is less affected by wrong PVT input, it requires fluid sampling only three times while static model requires ten 
samplings during compositional changes. Gas rate is not affected at all when the dynamic model is used.  
  
  
Fig. 12 Errors in rates when static mass attenuations are used. Fig. 13 Errors in rates when dynamic mass atenuations are used. 
 
The time interval between required sampling ∆T in Fig. 13 is becoming shorter with increasing H2S and increasing gas 
volume fraction. The Shortest Time Interval between Samplings (STIS) during miscible oil bank production equals to 8 
months for static model and for dynamic model equals 2.5 years. The intervals of time between required samplings for static 
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model during pressure decline are not analyzed in this study. The benefits of using dynamic model over static are longer STIS 
and less total required fluid samplings.  
Early miscible oil bank or sour gas breakthrough will accelerate the changes in fluid composition, affecting MFM 
measurements accuracy. To find the extent of the changes in composition during sour gas injection different key reservoir 
properties will be sensitized on the base case with 2000m well spacing (which is design basis for the field development plan of 
the example field). For each case compositional changes will be acquired and errors in measured rates will be assessed using 
workflow in Fig.11. Maintenance programme to keep accuracy in flow rates within 3% will comprise the number of samplings 
during 30 years of production and STIS. The parameters to be sensitized are well placement, injection methods, high 
permeability layer, high and low permeability area, normal distribution heterogeneity, dual porosity and H2S solubility in 
aqueous phase. 
 
Simulation results of sensitivity analysis 
Well placement sensitivity. Three cases with distance 750m, 2000m, and 2500m between wells were sensitized. The shorter 
the distance between injection and production wells, the earlier is miscible oil breakthrough and higher the H2S fraction Fig.D-
1, Fig.D-2 and Fig.D-4 – in the Appendix.  
Table 3 shows the total number of fluid samplings necessary to maintain 3% accuracy during 30 years of production for 
each well. Table 4 demonstrates the STIS for each group. As was expected PVT model 1 requires many more fluid samplings 
than PVT model 2 to maintain accuracy of measurements and much shorter STIS in all cases. Therefore dynamic mass 
attenuation is strongly recommended to use as input for MFM. For further recommendations in maintenance programme only 
dynamic fluid model updates will be discussed.  
The breakthrough of miscible oil is faster in the wells with the least pressure support, because injected gas tends to move to 
less pressurized part of reservoir. For case with 2000m well placement  wells in group-A have more samplings than wells in 
group-B Table 3, meaning that pressure support from gas injection and aquifer (group-B) is higher than gas injection alone 
(group-A). 
In homogeneous reservoir, production wells with more sour gas injection wells around, has less H2S before gas 
breakthrough, because injection wells keep the pressure higher and injected sour gas tends to move to less pressurized zones 
Fig.D-6 and Fig.D-7. However after sour gas breakthrough H2S fraction grows rapidly in the production wells with more gas 
injectors around Fig.D-2 and Fig.D-3. That is why in case of 2000m well placement well-2 requires less sampling than well-1 
and well-3, since there was no sour gas breakthrough, but in case of 750m well placement after sour gas breakthrough well-2 
has more fluid samplings than well-1 and well-3. 
In case of 750m well spacing, group-A pressurized by gas injection, group-C by aquifer, and group-B supposed to be 
supported by both, but it is more affected by pressure drawdown due to production of nearby wells rather than pressure support 
from aquifer in this type of well placement. That is why wells in group-B have higher H2S and require more fluid samplings 
than other groups. Due to numerical effect of division by zero, fluid sampling in PVT model 2 for well-5 is not available.  
The Fig. 14 shows propagation of errors in rates due to compositional changes for well-2 in 750m well placement. Even 
though H2S fraction was not changing a lot after sour gas breakthrough errors in rates kept rising. It shows the non-linearity of 
error propagation at high gas volume fractions. The minor changes in composition may result in huge errors in rates.  
   
Table 3 The total amount of the fluid samplings required for MFM to 
maintain 3% accuracy in flow rate measurements during 30 years of 
sour gas re-injection for different well placements. 
  Fig. 14 Errors in rates in case of 750m well placement in 
well-2. 
 
Table 4 STIS for each group in different well placement cases. 
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 Well placement sensitivity 
Groups 750m 2000m 2500m 
PVT-1 PVT-2 PVT-1 PVT-2 PVT-1 PVT-2 
A 1 month 1 month 8 months 2.5 years 2 years 15 years 
B 10 months 14 months 2 years 11 years no no 
C no no no no no no 
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The H2S fraction in wells in Group-C did not change for all cases. So no sampling is required for wells, where pressure is 
maintained only by aquifer and they are not going to be analyzed for other cases.  For the case with 2500m well placement no 
significant changes in H2S were observed within 30 years of sour gas re-injection Fig.D-4 and Fig.D-5.  
For the case with 2000m well spacing miscible oil bank arrives after 14 years of production with STIS of 2.5 years in 
group-A and 11 years in group-B when dynamic model is used Table 4.   
 
 Injection method sensitivity. Gas injection into all thickness gives the highest H2S content and the fastest breakthrough, 
because gas injectivity is the highest in this case Fig.D-8. Therefore it has the highest number of updates when compared with 
other injection methods Table 5. Sour gas injection at the bottom of the reservoir results in lower H2S content and later 
breakthrough than injection at the top because injected gas tends move up due to gravity, and as a result it takes longer way to 
get production well Fig.D-9 and Fig.D-10. The miscible oil breakthrough is faster and H2S is higher with lower vertical 
permeability Fig.D-9. Table 5 shows that gas injection methods are not influencing number of fluid samplings and STIS. 
Miscible oil bank arrival in worst case, injection into all thickness, is after 14 years of production. The minimum required 
STIS is 2.5 years for group-A and 11 years for group-B, Table 6.  
 
Table 5 The total amount of the fluid samplings required for MFM to maintain 3% accuracy in flow rate measurements during 30 
years of sour gas re-injection for different injection methods. 
 
Table 6 STIS for each group in different injection methods. 
 
 
High Permeability Layer. In the homogeneous model two layers in the middle were chosen with permeability 2 times and 5 
times higher than other layers. Thicknesses of layers were decreased with increasing permeability to have constant mobility in 
all cases. Permeability of thief layer impacts on the time of arrival of miscible oil bank Fig.D-11. But the magnitude of the 
changes in H2S fraction is not affected significantly because kh term was the same. That is the reason why sampling numbers 
and STIS are almost the same for various permeabilities of thief layer Table 7 and Table 8. For the worst case with five times 
higher permeable thief layer miscible oil bank breaks through after 4.5 years of production and the STIS is 2 years for group-A 
and almost 6 years for group-B, Table 8. 
 
Table 7 The total amount of the fluid samplings required for MFM to maintain 3% accuracy in flow rate measurements during 30 years 
of sour gas re-injection for cases with different permeabilities of thief layers. 
 
 
Table 8 STIS for each group in cases with different permeabilities of thief layers. 
 
 
High and low permeability area. To see the effect of good and bad communication between production and injection wells, 
well-4 and sour gas injectior were located in the part of reservoir with three times higher permeability. On the contrary well-2 
was located in three times lower permeability part of reservoir. The breakthrough is faster and H2S is higher in the well which 
is better connected with injection well, regardless of distance between wells, pressure support methods, and number of 
Injection method sensitivity 
Groups WELL 
All thickness Bottom Top Bottom Kv=Kh/100 Top Kv=Kh/100 
PVT-1 PVT-2 PVT-1 PVT-2 PVT-1 PVT-2 PVT-1 PVT-2 PVT-1 PVT-2 
    A 
Well-1 15 3 5    0   5   0   7   1   7    1 
Well-2 11 2 5 0 5 0 6 0 6 1 
Well-3 15 3 5 0 5 0 7 1 7 1 
B 
Well-4 9 1 5 0 5 0 5 0 5 0 
Well-5 8 1 5 0 5 0 5 0 5 0 
Well-6 9 1 5 0 5 0 5 0 5 0 
 
 Injection method sensitivity 
Groups All thickness Bottom Top Bottom Kv=Kh/100 Top Kv=Kh/100 
PVT-1 PVT-2 PVT-1 PVT-2 PVT-1 PVT-2 PVT-1 PVT-2 PVT-1 PVT-2 
A 8 months 2.5 years no no no no 3.5 years 12.5 years 3.5 years 12.5 years 
B 2 years 11 years no no no no no no no no 
 
Groups WELL 
High permeability layer sensitivity 
2 times higher 5 times higher 
PVT-1 PVT-2 PVT-1 PVT-2 
    A 
Well-1    17 4     19   5 
Well-2 14 3 15 3 
Well-3 17 4 19 5 
B 
Well-4 10 2 10 2 
Well-5 9 1 10 1 
Well-6 10 2 10 2 
 
Groups 
High permeability layer sensitivity 
2 times higher 5 times higher 
PVT-1 PVT-2 PVT-1 PVT-2 
A 8 months 2 years 8 months 2 years 
B 2 years 5.5 years    2 years   6 years 
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surrounded gas injectors Fig.D-13 and Fig.D-14. In the well-2 H2S fraction did not change at all Fig.D-13. Maintenance 
programme is given in Table 9 and Table 10. Well-4 has the highest number of samplings, while well-2 has no samplings 
required. Therefore for production wells with no communication with gas injectors samplings are not required. In three times 
higher permeability area miscible oil bank arrives after 11.5 years start of production. STIS is 2 years, Table 10. 
 
Normal distribution heterogeneity. Based on the paper (Francesconi et al, 2009) porosity and permeability was distributed 
by using normal distribution to capture the reservoir heterogeneity of the field in Kazakhstan Fig. 15 and Fig. 16. The main 
parameter influencing H2S content in this type of heterogeneity was the pressure distribution in the reservoir. Pressure support 
in group-A is less than in group-B, therefore group-A has higher H2S fraction Fig.D-15 and Fig.D-16, and need more 
samplings to maintain accuracy. In the worst case scenario miscible oil bank will breakthrough after 12.5 years of production 
requiring updates with shortest interval of 2 years for group-A and 4.5 years for group-B Table 10, when dynamic mass 
attenuations are used in PVT model.  
 
  
Fig. 15 Porosity distribution. Fig. 16 Permeability distribution. 
 
Dual porosity. A dual porosity model was built to represent a reservoir with fractures, which have permeabilities 20 times 
higher than matrix permeability. The shape factor equals to 0.000895. For this case miscible oil breakthrough is faster and H2S 
fraction is higher than in homogeneous reservoir Fig.D-17 and Fig.D-18. This demonstrates that carbonate reservoirs with 
micro fractures should expect higher sampling numbers Table 9 and shorter time interval between sampling Table 10. Miscible 
oil front is expected to breakthrough after 9 years of production. Eight months is the shortest time between updates for group-
A and 18 months for group-B. 
 
Table 9 The total amount of the fluid samplings required for MFM to maintain 3% accuracy in flow rate measurements during 30 years 
of sour gas re-injection for different cases.  
 
Table 10 STIS for each group for different cases.  
 
 
H2S solubility in aqueous phase. In real reservoirs some of the H2S is dissolved in formation water. In all previous cases it 
was neglected, because H2S does not have a major impact on water linear attenuation. However some H2S can evaporate from 
produced water due to the pressure drop in the wellbore and add the H2S fraction in gas or oil phases. The solubility of H2S in 
brine was taken from the study of Daun et al, 2007. The simulation studies confirmed that for this model the impact of H2S 
solubility in water on the changes in H2S fraction is negligible Fig.D-19. The number of updates in this case equal to the base 
case samplings number Table 6. Arrival of miscible oil front is expected after 14 years of the start of sour gas re-injection with 
shortest time between sampling of 2.5 years for group-A and 11 years for group-B with dynamic mass attenuations used in 
PVT model.     
 
Analysis of errors 
To calculate flow rates of each phase, the multiphase flow meter requires input from gamma ray detector and fluid properties 
from PVT model. The gamma ray detector will give corresponding attenuations for any changing fluids flowing through the 
Venturi tube. But PVT models may not be always describing fluids which are being produced. Sensitivity analyses have been 
Groups WELL 
High and low perm area Heterogeneity H2S solubility in Water Dual porosity 
PVT-1 PVT-2 PVT-1 PVT-2 PVT-1 PVT-2 PVT-1 PVT-2 
    A 
Well-1 15 3     18   4   15   3   33 10 
Well-2 0 0 19 4 11 2 44 15 
Well-3 15 3 19 4 15 3 33 10 
B 
Well-4 21 5 13 2 9 1 22 6 
Well-5 8 1 11 2 8 1 32 10 
Well-6 11 2 12 2 9 1 22 6 
 
Groups 
High and low perm area Heterogeneous H2S solubility in Water Dual porosity 
PVT-1 PVT-2 PVT-1 PVT-2 PVT-1 PVT-2 PVT-1 PVT-2 
A no no 0.5 years 2 years 8 months 2.5 years 4 months 8 months 
B 1 year 2 years 1.5 years 4.5 years 2 years 11 years 8 months 18 months 
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carried out on each fluid property of PVT model to find the source of errors in flow rate measurements during compositional 
changes. 
 
Influence of PVT input parameters on errors in rates. Sensitivity analysis on PVT model 2 was carried out to find which 
parameter of PVT input is impacting flow rate calculation. The PVT inputs are densities of each phase and mass attenuations 
of oil, gas and water at high and low energy levels. During sour gas re-injection changing H2S fraction is affecting properties 
of oil and gas, but water properties remain the same.  The extreme changes of fluid properties are obtained from simulation 
study; they are shown on the left hand side of the tornado charts Fig.17 and Fig.18. The values on the right hand side are used 
in PVT model 2. The red bars represent negative errors, while blue bars stand for positive errors. For example mass attenuation 
of gas at low energy level increased from 0.059592 to 0.061969 during sour gas re-injection which resulted in 10% higher 
WLR Fig.17 and 5% lower liquid rate Fig.18. 
 
  
Fig. 17 Sensitivity on PVT input data on errors in water-liquid 
ratio.  
Fig. 18 Sensitivity on PVT input data on errors in liquid rate. 
 
Mass attenuations at low energy level have introduced almost 65 % of errors in liquid rate and 80 % in WLR. Total errors 
in WLR and liquid rate measurement equal to 21.21% and -7.33% respectively. 
To sum up, during sour gas re-injection most of the errors are due to changes in mass attenuation at low energy levels, 
which very sensitive to changes in H2S.  
 
Influence of each composition on errors in flow rates. The same sensitivity analysis for compositions of each phase was 
carried out. The H2S in gas, C7+ in oil, C1 in gas and H2S in oil were the most sensitive components for both liquid rate and 
WLR. The extent of changes in weight fractions of each component and resulted errors in rates are shown in Table 11. Almost 
65% of errors in WLR were introduced by H2S, but in liquid rate it caused only 45% of errors. 
 
Table 11 Influence of each component on errors in Liquid rate and WLR. 
Components H2S in gas C7+ in oil C1 in gas H2S in oil Other comp. SUM 
Weight fractions in PVT model-2, % 21.43 72.78 41.30 5.49 59.00 200 
Weight fractions in reality, %  23.05 69.42 37.72 6.45 63.36 200 
Errors in liquid rate, % -3.2 -3.88 -2.13 -1.87 3.75 -7.33 
Errors in WLR, % 7.15 1.71 5.13 6.24 0.99 21.21 
 
The conclusion is H2S content variation during sour gas re-injection has introduced most of the errors in liquid rate and 
WLR. During compositional changes the measurements of WLR is more affected than measurements of liquid rate.  
 
Discussion 
Compositional simulation studies showed that well placement has the highest impact on H2S fraction during sour gas re-
injection. Decreasing the distance between wells more than 2 times, increased sampling number for some wells more than 50 
times Table 3. Therefore well placement has to be considered very carefully. 
The reservoir heterogeneity had also impacted H2S fraction, high permeability layers mainly influenced the breakthrough 
time, while dual porosity impacted on the speed of the changes. Therefore very accurate representation of reservoir model is 
required to suggest more precise maintenance programme. The production wells with a good communication with gas injectors 
have to be under permanent monitoring. The interference tests may help to evaluate the communication between wells and 
predict the expected breakthrough time.  
The magnitude of compositional changes of reservoir oil depends on the injection sour gas composition. The higher the 
discrepancy between these two fluids, the higher the extent of the compositional changes. Therefore accurate compositional 
description is very critical in forecasting compositional changes and predicting maintenance programme.  
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Sensitivity analysis on the impact of each component to the errors in rates showed that almost half of the errors are due to 
H2S. Monitoring of H2S content is performed at many sour fields to prevent tubulars and other surface facilities from 
corrosion. Errors in rates will be decreased by a half if monitoring results are provided to MFM which in turn will cause 
reduction of required fluid samplings. 
Results obtained from this study can be applied at homogeneous part of the reservoir in Kazakhstan, since it will eliminate 
the impact of heterogeneity. But in case of the presence of high heterogeneities more detailed reservoir model has to be used. 
 
Conclusions 
The compositional simulation model with sour gas re-injection was carried out, first to assess the extent of compositional 
changes, particularly the H2S fraction at the metering conditions. Secondly the impact of these changes on metering accuracy 
has been evaluated. Sensitivity analysis on the basic reservoir properties showed that well placement, i.e. distance between 
wells is very critical during sour gas re-injection. Well spacing must be sufficient to avoid early gas breakthrough, but close 
enough to sweep maximum amount of oil. Reservoir heterogeneities influence the speed and the extent of changes in the H2S 
fraction.  
 Among the various heterogeneities tested with well spacing of 2000m first arrival of miscible oil bank is after 4.5 
years of production when thief layer with 5 times higher permeability is present in reservoir.  
 The dual porosity reservoir required the highest frequency of fluid updates. The shortest time interval between 
samplings is eight months when the dynamic model is used.  
 The use of a dynamic model accounting for mass transfers of components between phases due to changes in operating 
pressure and temperature is strongly recommended since it reduces the requirement for regular updates.  
 MFM does not need any updates of fluid properties in PVT model for wells located close to the aquifer or wells with 
no communication with gas injectors. 
 Gas injection methods and solubility of H2S in aqueous phase have a negligible impact on the compositional changes.  
 Almost 65% of errors in liquid rate and 80% of errors in WLR were caused by changes in mass attenuations at low 
energy level which mainly depend on H2S fraction.  
 Almost 65% of errors in WLR and 45% of errors in liquid rate were introduced only by H2S fraction. Therefore 
monitoring of H2S will reduce errors in rates and the frequency of required samplings.  
 Water-liquid ratio measurements are more sensitive to compositional changes than liquid and gas rate measurements.  
 No significant errors in gas rate were observed during sour gas re-injection when dynamic mass attenuations are used. 
 Error propagation in rates in high gas volume fraction environments is very sensitive to changes in composition.   
To conclude, maintaining multiphase flow measurements in sour environments with 3% accuracy is achievable by dual-
energy spectral gamma ray MFM, if fluid sampling is performed regularly. The frequencies of fluid samplings for various 
heterogeneities are suggested in this study. The device which obtains fluid properties is safe and easy to operate.  
 
Recommendations 
The simulation results showed that reservoir heterogeneity can have a significant impact on H2S variation in producing fluids 
during sour gas re-injection. More detailed reservoir simulation studies are recommended, to investigate this for different 
realizations of the reservoir geological model. 
This study assumed a given separation scheme to determine the composition of re-injected gas. Using a different separation 
scheme to obtain re-injection gas may alter the injected gas composition and by extension the results of the study. 
It is recommended to investigate the impact of changing temperature at the well head, since temperature was assumed to be 
constant in this paper.  
Comparison of rates at surface conditions, not just metering conditions as considered in this study, will be interesting to 
investigate since it will incorporate other fluid parameters and correlation tables that are not discussed in this study, but may 
influence accuracy of MFM.  
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Nomenclature 
 
𝐴 = Gamma ray attenuation 
𝐶 = Corrections required 
𝐷 = Venturi throat diameter 
𝑑 = Thickness of the substance 
𝑁 = Count rate 
𝑃 = Pressure 
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𝑄𝑡𝑜𝑡𝑎𝑙  = Total mass rate 
𝑞 = flow rate 
WLR = Water liquid ratio 
𝑤𝑓𝑖 = weight fractions 
𝛼 = Fluid phase fraction 
∆ℎ = distance between small and large diameters 
𝜇 = mass attenuation 
𝜌 = density 
𝜃𝑔=errors in gas rate 
𝜃𝑙=errors in liquid rate 
𝜃𝑊𝐿𝑅=errors in water liquid ratio 
𝜗 = velocity 
 
Subscripts: 
g=gas 
o=oil 
g=gas 
m=mixture 
l=liquid 
vac=vacuum 
1=corresponds to large part of the tube 
2=corresponds to small part of the tube 
i = component number 
 
Superscripts: 
1=results obtained by using PVT model 1 
2=results obtained by using PVT model 2 
H = High energy level 
L = Low energy level 
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Appendix A.1 Milestones in the development of dual-energy spectral gamma ray multiphase 
flow meter 
 
Table A-1 Milestones in the development of dual-energy spectral gamma ray multiphase flow meter 
SPE 
paper No 
Year Title Authors Contribution 
OTC 
6764 
May 1991 A Proven Oil/Water/Gas 
Flowmeter for Subsea 
 
W.W. Martin, Norsk Hydro 
a.s; G.E. Woiceshyn, 
Woiceshyn Engineering; and 
B.H. Torkilden, Framo 
Engineering a.s 
First to combine mixing 
tool with Venturi meter 
and Dual energy gamma 
ray. First prototype of 
current technology used 
by Schlumberger. 
SPE 
28515 
September 
1994 
Status of Multiphase Flow 
Measurement Research 
Jane Williams, Oryx Energy 
Co. 
First overview of different 
flow meters to measure 
multiphase flow. 
SPE 
28816 
November 
1994 
Trials of a Gamma-Ray 
Multiphase Flow Meter on 
Oil Production Pipelines at 
Thevenard Island 
 
G.J. Roach, J.S. Watt, H.W. 
Zastawny, P.E. Hartley, W.K. 
Ellis CSIRO Division of 
Mineral and Process 
Engineering, PMB 5, Menai 
2234, Australia 
One the first field trials of 
multiphase flow meters 
at the field. 
SPE 
36593 
October 
1996 
Multiphase Flow 
Measurement Using 
Multiple Energy Gamma 
Ray Absorption (MEGRA) 
Composition Measurement 
A.M. Scheers and W.F.J. 
Slijkerman, Shell International 
and Production B.V. – 
Research and Technical 
Services, The Netherlands 
First to show dual, triple 
and multiple energy 
gamma ray absorption 
technology in multiphase 
flow meter. Also paper 
describes each part of 
the tool thoroughly, 
prototype of the tool, 
which is currently in use. 
SPE 
56583 
October 
1999 
Field Testing of Multiphase 
Meters 
Ahmed B. Al-Taweel, SPE, 
Steve G. Barlow, Saudi 
Aramco   
Field test of eight 
multiphase flow meters 
from different Vendors. 
Discussion of benefits 
and drawbacks of each 
at the actual field. 
SPE 
71475 
October 
2001 
Multiphase Flowmeters in 
Well Testing Applications 
B.C. Theuveny, SPE; G. 
Ségéral, SPE and B. Pinguet, 
SPE; Schlumberger Oilfield 
Services 
 
First paper that 
demonstrates sensitivity 
analysis on PVT input 
and its impact to rate 
measurements of 
multiphase flow meter. 
SPE 
77405 
October 
2002 
PVT Sampling With 
Multiphase Flowmeters – 
Theoretical Justifications 
and Field Limitations 
 
S. Jayawardane and B.C. 
Theuveny, SPE, 
Schlumberger Oilfield 
Services 
First attempt to take 
representative samples 
from MFM for PVT 
analysis. 
IPTC 
11573 
December 
2007 
An innovative multiphase 
sampling solution at the 
well site to improve 
multiphase flow 
measurements and phase 
behaviour characterization. 
F. Hollaender, J.J. Zhang, B. 
Pinguet, V. Pastos, E. 
Delvaux, SPE, Schlumberger 
Testing Services 
 
First paper that 
introduces sampling 
device at MFM to 
improve PVT description, 
and consequently 
accuracy of metering. 
OTC 
19152 
May 2008 Evaluation of 
PhaseWatcher Multiphase 
Flow Meter(MFM) 
Performance in Sour 
Environments 
Mohammed N. A. and 
Abdulaziz F. A., Saudi 
Aramco; Zaki B. and 
Muhammad N. 
A.,Schlumberger 
First attempt to evaluate 
impact of H2S content on 
rates measurements. 
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Appendix A.2-Critical literature review. 
OTC 6764 
A Proven Oil/Water/Gas Flowmeter for Subsea 
 
Authors: W.W. Martin, Norsk Hydro a.s; G.E.Woiceshyn, Woiceshyn Engineering; and B.H. 
Torkilden, Framo Engineering a.s  
 
Contribution of understanding of multiphase flow metering:  
Paper discusses combining of dual energy gamma ray with venturi meter and mixing tool. It 
explains importance of mixing tool, to avoid the impact of slippage, and to not depend on flow 
regimes. It also provides comparison of multiphase flow measurement with conventional vertical 
separator and multiphase flowmeter in laboratory flow loop. 
 
Objective:  
1) To eliminate the need for separators on offshore platform. 
2) Create a tool which will combine Venturi meter, dual energy gamma ray and mixer. 
3) Compare results of multiphase flow meter with conventional separator using flow loops. 
Methodology: 
1) Create flow loop over wide range of three phase flow conditions which is similar to 
offshore production. 
2) Installation of separators to compare with Multiphase flow meter. 
3) Installation of a tool comprising first with mixer, to avoid slip, then dual energy gamma 
ray and after that venturi meter, for rate measurements. 
4) Take out mixer from multiphase flow meter to see effect of the slippage. 
Conclusions:  
1 This tool can be used for oil-water-gas rate measurements with 8 % of accuracy. 
2 Using mixer homogenizes flow and reduces unsteadiness. 
3 The mixer impacts positively on fraction metering i.e. dual energy gamma ray. 
4 In case when mixer was not used the largest errors in rates were in water rates. 
Comments:   
1) Mixing tool is complicated, and homogenisation is better when blind tee is used. 
2) Venturi meter and dual energy gamma ray is installed at different places, which introduce 
some inaccuracy in measurements. 
3) The tool was tested only at laboratory, no real field test was carried out. 
4) Better water characterisation is required for dual energy gamma ray to obtain better 
accuracy. 
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SPE 28515  
Status of Multiphase Flow Measurement Research 
 
Authors: Jane Williams, Oryx Energy Co.   
 
Contribution of understanding of multiphase flow metering: Paper discusses all multiphase flow 
meter types of that period. It shows advantages and drawbacks of each type.  
Objective:  
1) To justify economic attractiveness of multiphase flow meters. 
2) Explore the advantages and disadvantages of different methods used for multiphase flow 
measurements. 
3) To show future research area. 
Methodology: 
1) Overview of all published results of multiphase flow meters. 
2) Compare results obtained by each type. 
Conclusions:  
1) Testing of a tool is required to establish any restrictions. 
2) Need to find a way to verify multiphase flow meters, except separator. 
Comments:   
1) Paper shows past, present and future of multiphase flow metering. 
2) Paper doesn’t describe clearly each method and calculation behind. 
3) Paper is old, so new technologies of that time are the past technologies for the present 
time. 
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SPE 28816 
Trials of a Gamma-Ray Multiphase Flow Meter on Oil Production Pipelines at Thevenard 
Island 
 
Authors: G.J. Roach, J.S. Watt, H.W. Zastawny, P.E. Hartley, W.K. Ellis CSIRO Division of 
Mineral and Process Engineering, PMB 5, Menai 2234, Australia  
 
Contribution of understanding of multiphase flow metering:  
Paper discusses one the first field applications of dual energy gamma ray multiphase flow meter 
developed by CSIRO. It describes comparison of the real production data obtained by separator 
and multiphase flow meter over wide range of operational conditions.   
 
Objective:  
1) To justify ability of multiphase flow meter to measure rates with acceptable accuracy at 
the oil production facility. 
2) Compare results of multiphase flow meter installed at horizontal and vertical sections of 
the pipe. 
3) Compare results of on-line and off-line calibration methods for multiphase flow meters. 
Methodology: 
1) Create testing line where two multiphase flow meters will be installed vertically and 
horizontally. 
2) Check separator for adequacy, in case of the leakage or to correct for it. 
3) Input off-line calibration on the static phases. Input on-line calibration using least square 
regression on one and two parameters to adjust multiphase flow meter to separator. 
Conclusions:  
1) Multiphase flow meter had proven its ability to make accurate rate measurements within 
7.5% of errors when compared to separator. 
2) Multiphase flow meter can be installed horizontally and vertically, but preferably vertically 
because multiphase flow in vertical pipe is better described than in horizontal. 
3) Pipe diameter may influence on the results of dual energy gamma ray, so optimal 
diameter must be chosen. 
4) On-line calibration gives fewer errors when compared to separator results, but 
multiphase flow meter may involve errors of separators. 
Comments:   
1) The paper does not describe multiphase flow meter. 
2) A separator with which multiphase flow meter was compared was leaking. 
3) Author tried to match separator results by regressing calibration, so multiphase flow 
meter gives less errors when compared to separator, but it means that it inherits errors of 
separator, which was leaking! 
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SPE 36593 
Multiphase Flow Measurement Using Multiple Energy Gamma Ray Absorption (MEGRA) 
Composition Measurement 
 
Authors: A.M. Scheers and W.F.J. Slijkerman, Shell International Exploration and Production 
B.V.-Research and Technical Services, The Netherlands   
 
Contribution of understanding of multiphase flow metering:  
Paper describes the tool thoroughly, all the basic concepts of gamma ray absorption, detection 
and computing procedures.  It is first paper to show benefits of using dual energy, triple energy 
and multiple energy levels for multiphase flow measurement. 
 
Objective:  
1) Ultimate goal of all multiphase flow meters is to replace separators 
2) To describe each tool, involved in multiphase flow measurements with calculations, 
assumptions and restrictions behind it. 
3) To show advantage of using gamma ray absorption technique over impedance principle. 
4) To sensitize different parameters that may influence rate calculations, like formation 
water salinity changes, density changes, gamma ray energy levels, detector type, 
diameter of the throat of Venturi. 
Methodology: 
1) Theoretical justification of the way each part of the flowmeter was installed. 
2) Application of different mathematical methods to use other energy levels. 
3) Simulation of changing water salinity and oil density on software dedicated for 
multiphase flow meter and see the robustness of the measurements. 
Conclusions:  
1) Optimal low and high energy levels were in range of 10-30keV and 40-50keV 
respectively, therefore Am-241 was chosen as radioactive source. 
2) Dual area solid state detector was chosen to count attenuated gamma rays at two 
energy levels. 
3) Changes in salinity of formation water had big impact on fraction calculation, but dual 
energy gamma ray technique was less influenced by it rather than impedance principle 
Comments:   
1) Paper describes the prototype of the multiphase flow meter that Schlumberger is using 
today 
2) Tool works only in homogeneous environment, which requires mixing tool or slippage 
velocity correction tables. 
3) Able to use other energy levels to count for salinity changes over time. 
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SPE 56583 
Field Testing of Multiphase Meters 
 
Authors: Ahmed B. Al-Taweel, SPE, Steve G. Barlow, Saudi Aramco   
 
Contribution of understanding of multiphase flow metering:  
Paper compares eight multiphase flow meters from different Vendors with test separator. 
Determines accuracy, operational reliability and problems occurred during test for each MFM.  
 
Objective:  
1) Find the best meter and replace test separators.  
2) Determine accuracy of each tool. 
3) Compare operational reliability at the real field conditions. 
4) Compare installation and operation of each tool. 
5) Compare maintenance support from Vendors. 
 
Methodology: 
1) Carefully calibrate test separators. 
2) Provide all necessary data for meters calibration. 
3) To log all problems encountered and modifications applied to each meter. 
4) Compare liquid rate, oil rate, water cut and gas rate. 
Conclusions:  
1) These meters were used during the test 
 Texaco Multiphase Flow Meter 
 Wellcomp MPF Meter 
 Dual Coriolis Meter 
 Agar Multiphase Flow Meter 
 Accuflow Test Unit 
 Multi-Capacitor Multiphase Flow Meter (KOS) 
 Fluenta MFM 
 Framo MFM 
The best one was Framo, because it provides acceptable accuracy range with minimum 
maintenance. 
Comments:   
1) Results of MFMs are compared only with test separator; comparison of results of 
different MFMs between each other is suggested. 
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SPE 71475, 
Multiphase Flowmeters in Well Testing Applications 
 
Authors: B.C. Theuveny, SPE; G. Ségéral, SPE and B. Pinguet, SPE; Schlumberger Oilfield 
Services 
 
Contribution of understanding of multiphase flowmeter: 
Paper shows operational procedure for installing multiphase flow meter and gives suggestions 
to perform well tests with or without reference, like separator. Also it shows sensitivity analysis 
on main input parameters and impact of them on rate calculations. Results of 415 tests 
worldwide with MFM are discussed. 
 
Objective:  
To prove reliability of multiphase flow meter at all conditions that might happen at the field, for 
example, in case of no reference, like separator, or with no prior input PVT data and etc. To 
show the robustness of MFM in multiphase flow metering. 
 
Methodology: 
1) Comparison between test separators and multiphase flow meters at the field. 
2) Based on experience of running this flowmeter operational procedure explained. 
3) Fluid properties, like density and viscosity were sensitized. 
4) Sensitivity on liquid flow rates and gas flow rates were shown. 
 
Conclusions: 
1) Multiphase flow meters consistent with test separators in 95% of tests.  
2) Highly mobile, easy to operate, cover large operational envelope  with reliable results. 
3) Uncertainties in measurements caused by PVT are within acceptable range. 
4) Before choosing multiphase flow meter key elements needs to be considered: 
 Ability to measure without reference 
 Ability to sample fluids at the wellsite and calibrate meter to new fluids. 
 
Comments:  
1) Paper covers all aspects of using multiphase flow meter, gives theoretical background 
and checks the robustness of it by sensitivities; after all it gives practical suggestion to 
run measurements at the field scale.  
2)  Paper takes only 1% changes in H2S content. Cases with higher changes need to be 
considered. 
3) Paper considers only H2S changes in gas, sensitivity on H2S changes in oil also 
suggested. 
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SPE 77405 
PVT Sampling with Multiphase Flowmeters – Theoretical Justifications and Field 
Limitations. 
 
Authors: S. Jayawardane and B.C. Theuveny, SPE, Schlumberger Oilfield Services 
 
Contribution of understanding of multiphase flowmeter:  
Paper justifies that sampling from multiphase flow meter is possible and assumptions taken are 
acceptable. Moreover it compares PVT descriptions of samples taken from separator and 
multiphase flow meter in the field operations. Eventually it suggests what needs to be improved 
to obtain good PVT samples from MFM.  
 
Objective: To prove that fluid sample taken from MFM is valid for PVT description. 
 
Methodology: 
1) Sampling fluids from separator and MFM. 
2) Fluids recombination in the PVT laboratory. 
3) Compare compositional discrepancy. 
4) Explanation of reasons of a such differences. 
Conclusions: 
1) When samples from separator is compared against samples from MFM 
 PVT properties like oil formation volume factor and oil density were close, 2-3% of 
errors. 
 Compositional discrepancy was within 2% of errors. 
2) Samples from multiphase flow meter contains other phases, i.e. gas sampling may 
contain oil or water. Those phases need to be removed isobarically. 
Comments:  
1) First attempt to take samples at the MFM. 
2) In high H2S content, methods described above is not acceptable due to safety legislation. 
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IPTC 11573 
An Innovative Multiphase Sampling Solution at the Wellsite to Improve Multiphase Flow 
Measurements and Phase Behaviour Characterization. 
 
Authors: F. Hollaender, J.J. Zhang, B. Pinguet, V. Pastos, E. Delvaux, SPE, Schlumberger 
Testing Services 
 
Contribution of understanding of multiphase flowmeter:  
Paper shows the importance of fluid phase behavior characterisation and its impact on 
multiphase flow measurement accuracy. Introduce new sampling device which allows to take 
samples from multiphase flow meter.  
 
Objective:  
1) Enable fluid sampling at the MFM possible and valid for PVT description. 
2) To compare different conventional ways of taking fluid samples in order to characterise 
phase behavior with new sampling device Mass Active Sampling Services (MASS). 
3) Improve accuracy of multiphase flow metering by reducing uncertainty in PVT. 
 
Methodology: 
1) Fluid sampling in laboratory using flow loop. 
2) Field trials of fluid sampling using MASS  
Conclusions:  
1) MASS reduces uncertainties in MFM caused by fluid properties, because sampling is: 
 At the same pressure and temperature as for MFM. 
 MASS able to see which phase is entering into the probe, so if gas samples have 
some liquids, it is removed isobarically. 
 MASS able to enrich any phase during sampling 
2) It provides with fluids to recombine for full PVT analysis at the laboratory or wellsite. 
Comments:  
1) First tool which provides samples from MFM valid for PVT analysis.  
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OTC 19152 
Evaluation of PhaseWatcher Multiphase Flow Meter (MPFM) Performance in Sour 
Environments 
 
Authors: Mohammed N. Al-Khamis and Abdulaziz F. Al-Bassam, Saudi Aramco; Zaki Bakhteyar 
and Muhammad N. Aftab, Schlumberger 
 
Contribution of understanding of multiphase flowmeter: 
Paper demonstrates that H2S content may travel from oil to gas, or vice versa, for different 
pressure regimes. Also it shows how this will affect the accuracy of MPFM.  
 
Objective: To evaluate MPFM accuracy in the environment with high H2S content. 
 
Methodology: 
1) Comparison of water liquid ratios (WLR) with high and low operational pressure in sour 
environment. 
2) Compare dynamic mass attenuation with initial mass attenuation and see their impact on 
WLR when H2S mass will transfer from one phase to the second. 
3) Field tests on 91 producers with total 214 rate tests using separators and multiphase flow 
meters. 
Conclusions:   
1) MPFM when compared against and test separator is within acceptable range o f 
accuracy. 
2) H2S in oil will overestimate water cut. 
3) Increasing pressure in test line will give error in WLR when initial mass attenuation is 
used.  
4) Dynamic mass attenuation robust to changes in pressure and temperature. 
Comments:  
1)  H2S content variation is considered only in terms of mass transfer, but not as increasing 
the content itself. 
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Appendix B. The detailed workflow of the calculation of errors in measured flow rates due to 
changing fluid compositions. 
For various cases of the reservoir simulation sensitivity analysis these parameters were 
requested from E300. 
 WG1PR- well gas rate at SEP1 (converted to standard conditions) 
 WO1PR-well oil rate at SEP1 (at SEP1 conditions) 
 WXMF1-liquid mole fractions for SEP1 
 WYMF1-vapour mole fractions for SEP1 
 WCOMR1-component molar rates in the oil phase at SEP1 
 WCGMR1- component molar rates in the gas phase at SEP1 
 WWPR-well water production rate (at standard conditions) 
 WTHP-well head pressure 
The first step is the calculation of the true fractions of each phase at SEP1 using flow rates of 
each phase at SEP1. The oil and water rates are available, even though water rates are at 
standard conditions, water is considered as an incompressible fluid. Gas rates are converted 
from standard conditions to SEP1 conditions using real gas equation of state Eq.B-1.  
 
𝑃𝑠𝑐 𝑞𝑠𝑐
𝑇𝑠𝑐
= 𝑍
𝑃𝑠𝑒𝑝1 𝑞𝑠𝑒𝑝1
𝑇𝑠𝑒𝑝1
…………………………………………………………………………B-1 
 
Then fractions at SEP1 condition are calculated as in Eq.B-2 
 
𝛼𝑜,𝑤,𝑔 =
𝑞𝑜,𝑤,𝑔
∑ 𝑞𝑜,𝑤,𝑔
………………………………………………………………….………….B-2 
 
The second step is the calculation the true PVT properties necessary as input data for MFM. 
Obviously it will change with time due to sour gas re-injection. The PVT input comporises fluid 
densities and mass attenuations. 
a) Density calculation. Water density is considered as constant and equal to 1170kg/m3. 
E300 does not have a keyword to output densities of oil and gas at SEP1 conditions. 
They were calculated as mass flow rate divided by volume flow rate Eq. B-3 
 
𝜌𝑜 =
∑  WCOMR1i∗MWi
i=9
i=1
𝑞𝑜
 ………………………………………….………………B-3 
ρg =
∑  WCGMR1i∗MWi
i=9
i=1
qg
…………………………………………………………..B-4 
             MWi- Molecular weight of each component in oil. 
b) Mass attenuations of gas and oil at low and high energy levels are calculated using 
formula in Eq. B-5 
 
𝜇𝑜,𝑔,𝑤
𝐻,𝐿 = 𝑤𝑓𝑖 𝜇𝑖
𝐻,𝐿
………………………………………………………………….B-5 
𝜇𝑖
𝐻,𝐿
-Mass attenuations of each component are constant values, 𝑤𝑓𝑖 - weight fractions of 
each component, calculated using Eq. B-6. 
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              𝑤𝑓𝑖 =
WCOMR1i∗MWi
∑  WCOMR1i∗MWi
i=9
i=1
…………………….………………………………B-6 
 
The third step is the calculation of the linear attenuations for each phase 𝐴𝑜,𝑤,𝑔
𝐻,𝐿
 and for the 
mixture of fluids 𝐴𝑚
𝐻,𝐿
. 
 
              𝐴𝑜,𝑤,𝑔
𝐻,𝐿 =  𝜇𝑜,𝑔,𝑤
𝐻,𝐿 ∗ 𝜌𝑜,𝑔,𝑤…………………………………………………………….B-7 
 
 𝐴𝑚
𝐻,𝐿
 is calculated solving direct problem of the matrix in Eq. 1 in the main body of the report. 
To sum up, true fractions at SEP1 are known, true fluid description is calculated, and the 
expected response of MFM to producing fluids  Am
H,L is calculated. 
Since at the real field operations MFM is provided only with initial fluid properties it would 
generate errors during compositional changes. The PVT model 1 is calculated using the same 
equations as were used for the true PVT input, but comprises only one value describing mass 
attenuation and a table of densities for different operating regimes.  
PVT model 2 is calculated as PVT model 1, but it consists of a table of the values of the 
mass attenuations and densities for various pressure regimes. Density tables are obtained from 
differential liberation experiments on initial fluids. Table of mass attenuations are calculated 
using the Eq.B-6 and Eq.B-5 for different operating regimes.  
Solving inverse problem of matrix in Eq. 1 fractions of each phase are obtained using PVT 
model 1 and using PVT model 2. 
The error in flow rate measurements calculation. Flow rate of each phase is calculated 
using Eq. B-8 
𝑞𝑜,𝑤,𝑔 = k𝛼𝑜,𝑤,𝑔√
∆𝑃
𝜌𝑚
……………………………………………………………………B-8 
 
𝜌𝑚 = 𝜌𝑜𝛼𝑜 + 𝜌𝑤𝛼𝑤 + 𝜌𝑔𝛼𝑔 ………………………………..………………………..B-9 
 
k- is a const. The ratio of the measured rate divided by true rate will be equal to unity if no error 
is present in fluid description. To avoid confusions, the ratio substracted by unity would show 
zero. 
 
𝜃𝑔 =
𝑞𝑔
1
𝑞𝑔
− 1 =
𝛼𝑔
1
𝛼𝑔
√
𝜌𝑜𝛼𝑜+𝜌𝑤𝛼𝑤+𝜌𝑔𝛼𝑔 
𝜌𝑜
1𝛼𝑜
1+𝜌𝑤
1 𝛼𝑤
1 +𝜌𝑔
1𝛼𝑔
1 − 1…….…………………………………B-10 
𝜃𝑙 =
𝑞𝑙
1
𝑞𝑙
− 1 =
𝛼𝑜
1+𝛼𝑤
1
𝛼𝑜+𝛼𝑤
√
𝜌𝑜𝛼𝑜+𝜌𝑤𝛼𝑤+𝜌𝑔𝛼𝑔 
𝜌𝑜
1𝛼𝑜
1+𝜌𝑤
1 𝛼𝑤
1 +𝜌𝑔
1𝛼𝑔
1 − 1 ……………………….…………B-11 
𝜃𝑊𝐿𝑅 =  
𝛼𝑤
1
𝛼𝑜
1+𝛼𝑤
1 −
𝛼𝑤
𝛼𝑜+𝛼𝑤
 …………………………………..………………………B-12 
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Appendix C. The reservoir model input and output data. 
The figures with compositional changes are provided in the Appendix D. 
 
Fig.C-1 Flow rates at SEP1 when oil production is 
25000 bopd. 
 
Fig.C-2 True well head pressure and SEP1 pressure 
when oil production is 25000bopd 
 
Fig.C-3 Oil and gas densities at SEP1 when oil 
production is 25000 bopd. 
 
Fig.C-4 True well head pressure and SEP1 pressure 
when oil production is 15000bopd. 
 
 
Fig.C-5 Oil and gas densities at SEP1 when oil 
production is 15000 bopd. 
 
Fig.C-6 Flow rates at SEP1 when oil production is 
15000 bopd. 
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Fig.C-7 Oil and gas densities at SEP1 when oil 
production is 15000 bopd. 
 
Fig.C-8 Oil relative permeability.  
 
 
 
 
Fig.C-9 Relative permeability and capillary pressure 
of water. 
 
Fig.C-10 Relative permeability and capillary 
pressure of gas. 
 
Fig.C-11 Phase envelope of reservoir oil obtained using Peng-Robinson equation of state. 
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Appendix D. Compositional reservoir simulation results. 
 
 
Fig.D-1 The comparison of the field GOR for different 
well placements 750m, 2000m and 2500m. 
 
 
Fig.D-2 The comparison of the H2S mole fractions 
in oil at the well head of the wells in group-A and 
group-B with 750m well placement.  
 
Fig.D-3 The comparison of the H2S mole fractions in 
gas at the well head of the wells in group-A and 
group-B with 750m well placement. 
 
Fig.D-4 The comparison the H2S mole fractions in 
oil at the well head of the wells in group-A and 
group-B with 2500m well placement. 
 
Fig.D-5 The comparison of the H2S mole fractions in 
gas at the well head of the wells in group-A and 
group-B with 2500m well placement. 
 
Fig.D-6 The comparison of the H2S mole fractions 
in oil at the well head of the wells in group-A and 
group-B with 2000m well placement. 
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Fig.D-7 The comparison of the H2S mole fractions in 
gas at the well head of the wells in group-A and 
group-B with 2000m well placement. 
 
 
Fig.D-8 The comparison of the filed GOR for gas 
injection at the top, bottom and all thichkness of 
reservoir with Kv=Kh and Kv=Kh/100.  
 
Fig.D-9 The comparison of the H2S mole fractions in 
oil at the well head of the well-1 for different gas 
injection methods. 
 
Fig.D-10 The comparison of the H2S mole fractions 
in gas at the well head of the well-1 for different 
gas injection methods. 
 
Fig.D-11 The comparison of the H2S mole fractions in 
oil at the well head of well-1 with high permeability 
layers 
 
Fig.D-12 The comparison of the H2S mole fractions 
in gas at the well head of well-1 with high 
permeability layers 
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Fig.D-13 The comparison of the H2S mole fractions in 
oil at the well head of the wells in group-A and 
group-B with high and low permeability areas. 
 
Fig.D-14 The comparison of the H2S mole fractions 
in gas at the well head of the wells in group-A and 
group-B with high and low permeability areas. 
 
Fig.D-15 The comparison of the H2S mole fractions in 
oil at the well head of the wells in group-A and 
group-B in heterogeneous model. 
 
Fig.D-16 The comparison of the H2S mole fractions 
in gas at the well head of the wells in group-A and 
group-B in heterogeneous model. 
  
Fig.D-17 The comparison of the H2S mole fractions in 
oil at the well head of the wells in group-A and 
group-B in dual porosity model. 
 
Fig.D-18 The comparison of the H2S mole fractions 
in gas at the well head of the wells in group-A and 
group-B in dual porosity model. 
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Fig.D-19 The comparison of the H2S mole fractions in 
oil and gas at the well head of well-1 with and 
without solubility of H2S in formation water. 
 
 
 
 
 
Fig.D-20 The numerical dispersion effects on production data 
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Appendix E. The calculation of errors in rates due to compositional changes. In well-1 and well-
3, well-4 and well-6, well-7 and well-9 have the same compositional changes due to simmetrical 
location in homogeneous reservoir model. The compositions at well-7, well-8 and well-9 does 
not change. These wells are shown only in base case. Wells that have not been affected by 
sour gas re-injection and have no errors in rate measurements are not shown. 
  
 
a) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-1 and well-3 with 2000m well placement when 
dynamic mass attenuations are used. 
 
b) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-1 and well-3 with 2000m well placement when 
static mass attenuations are used. 
 
c) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-2 with 2000m well placement when dynamic 
mass attenuations are used. 
 
 
d) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-2 with 2000m well placement when static mass 
attenuations are used. 
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e) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-4  and well-6 with 2000m well placement when 
dynamic mass attenuations are used. 
 
 
f) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-4 and well-6 with 2000m well placement when 
dynamic mass attenuations are used. 
 
 
g) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-5 with 2000m well placement when dynamic 
mass attenuations are used. 
 
h) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-5 with 2000m well placement when static mass 
attenuations are used. 
 
i) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-7 and well-9 with 2000m well placement when 
dynamic mass attenuations are used. 
 
 
j) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-7 and well-9 with 2000m well placement when 
static mass attenuations are used. 
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k) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-8 with 2000m well placement when dynamic 
mass attenuations are used. 
 
l) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-7 and well-9 with 2000m well placement when 
static mass attenuations are used. 
 
Fig.E-1 The changes in H2S weight fractions in oil and gas, and corresponding errors in flow rates for the 
2000m well placement 
  
 
a) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-1 and well-3 with 750m well placement when 
dynamic mass attenuations are used. 
 
b) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-1 and well-3 with 750m well placement when 
static mass attenuations are used. 
 
c) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-2 with 750m well placement when dynamic 
mass attenuations are used. 
 
d) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-2 with 750m well placement when static mass 
attenuations are used. 
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Appendix E  40 
 
e) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-4 and well-6 with 750m well placement when 
dynamic mass attenuations are used. 
 
f) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-4 and well-6 with 750m well placement when 
static mass attenuations are used. 
 
g) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-5 with 750m well placement when dynamic 
mass attenuations are used. 
 
h) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-4 and well-6 with 750m well placement when 
static mass attenuations are used. 
 
Fig.E-2 The changes in H2S weight fractions in oil and gas, and corresponding errors in flow rates for the 
750m well placement 
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a) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-1 and well-3 with 2500m well placement when 
dynamic mass attenuations are used. 
 
b) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-1 and well-3 with 2500m well placement when 
static mass attenuations are used. 
 
c) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-2, well-4,well-5and well-6 with 2500m well 
placement when dynamic mass attenuations are 
used. 
 
d) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-2, well-4,well-5and well-6 with 2500m well 
placement when static mass attenuations are used. 
 
Fig.E-3 The changes in H2S weight fractions in oil and gas, and corresponding errors in flow rates for the 
2500m well placement 
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a) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
the wells in group-A and group-B with injection at 
the bottom of the reservoir when dynamic mass 
attenuations are used. 
 
b) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
the wells in group-A and group-B with injection at 
the bottom of the reservoir when static mass 
attenuations are used. 
 
Fig.E-4 The changes in H2S weight fractions in oil and gas, and corresponding errors in flow rates for case 
with gas injection at the bottom of the reservoir 
 
 
a) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
the wells in group-A and group-B with injection at 
the top of the reservoir when dynamic mass 
attenuations are used. 
 
b) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
the wells in group-A and group-B with injection at 
the top of the reservoir when static mass 
attenuations are used. 
 
Fig.E-5 The changes in H2S weight fractions in oil and gas, and corresponding errors in flow rates for the 
case with gas injection at the top of the reservoir 
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Appendix E  43 
 
a) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-1 and well-3 with injection at the bottom of the 
reservoir and Kv=Kh/100 when dynamic mass 
attenuations are used. 
 
b) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-1 and well-3 with injection at the bottom of the 
reservoir and Kv=Kh/100 when static mass 
attenuations are used. 
 
 
c) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-2 with injection at the bottom of the reservoir 
and Kv=Kh/100 when dynamic mass attenuations 
are used. 
 
d) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-2 with injection at the bottom of the reservoir 
and Kv=Kh/100 when static mass attenuations are 
used. 
 
Fig.E-6 The changes in H2S weight fractions in oil and gas, and corresponding errors in flow rates for the 
case with gas injection at the bottom of the reservoir with Kv=Kh/100 
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a) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-1 and well-3 with injection at the top of the 
reservoir and Kv=Kh/100 when dynamic mass 
attenuations are used. 
 
b) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-1 and well-3 with injection at the top of the 
reservoir and Kv=Kh/100 when staticc mass 
attenuations are used. 
 
c) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-2 with injection at the top of the reservoir and 
Kv=Kh/100 when dynamic mass attenuations are 
used. 
 
d) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-2 with injection at the top of the reservoir and 
Kv=Kh/100 when staticc mass attenuations are used. 
 
Fig.E-7 The changes in H2S weight fractions in oil and gas, and corresponding errors in flow rates for the 
case with gas injection at the top of the reservoir with Kv=Kh/100 
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a) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-1 and well-3 in the reservoir model with 2 
times higher permeable thief layers when dynamic 
mass attenuations are used. 
 
b) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-1 and well-3 in the reservoir model with 2 times 
higher permeable thief layers when static mass 
attenuations are used. 
 
c) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-2 in the reservoir model with 2 times higher 
permeable thief layers when dynamic mass 
attenuations are used. 
 
 
d) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-2 in the reservoir model with 2 times higher 
permeable thief layers when static mass attenuations 
are used. 
 
e) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-4 and well-6 in the reservoir model with 2 
times higher permeable thief layers when dynamic 
mass attenuations are used. 
 
f) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-4 and well-6 in the reservoir model with 2 times 
higher permeable thief layers when static mass 
attenuations are used. 
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g) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-5 in the reservoir model with 2 times higher 
permeable thief layers when dynamic mass 
attenuations are used. 
 
h) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-5 in the reservoir model with 2 times higher 
permeable thief layers when static mass attenuations 
are used. 
 
Fig.E-8 The changes in H2S weight fractions in oil and gas, and corresponding errors in flow rates for the 
case with 2 times higher permeability thief layers. 
 
 
 
a) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-1 and well-3 in the reservoir model with 5 
times higher permeable thief layers when dynamic 
mass attenuations are used. 
 
b) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-1 and well-3 in the reservoir model with 5 times 
higher permeable thief layers when static mass 
attenuations are used. 
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c) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-2 in the reservoir model with 5 times higher 
permeable thief layers when dynamic mass 
attenuations are used. 
 
d) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-2 in the reservoir model with 5 times higher 
permeable thief layers when static mass attenuations 
are used. 
 
e) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-4 and well-6 in the reservoir model with 5 
times higher permeable thief layers when dynamic 
mass attenuations are used. 
 
f) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-4 and well-6 in the reservoir model with 5 times 
higher permeable thief layers when static mass 
attenuations are used. 
 
g) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-5 in the reservoir model with 5 times higher 
permeable thief layers when dynamic mass 
attenuations are used. 
 
h) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-5 in the reservoir model with 5 times higher 
permeable thief layers when static mass 
attenuations are used. 
Fig.E-9 The changes in H2S weight fractions in oil and gas, and corresponding errors in flow rates for the 
case with 5 times higher permeability thief layers. 
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a) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-1 and well-3 in dual porosity reservoir model 
when dynamic mass attenuations are used. 
 
b) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-1 and well-3 in dual porosity reservoir model 
when static mass attenuations are used. 
 
c) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-2 in dual porosity reservoir model when 
dynamic mass attenuations are used. 
 
d) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-2 in dual porosity reservoir model when static 
mass attenuations are used. 
 
e) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-4 and well-6 in dual porosity reservoir model 
when dynamic mass attenuations are used. 
 
f) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-4 and well-6 in dual porosity reservoir model 
when static mass attenuations are used. 
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g) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-5 in dual porosity reservoir model when 
dynamic mass attenuations are used. 
 
h) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-5 in dual porosity reservoir model when static 
mass attenuations are used. 
 
Fig.E-10 The changes in H2S weight fractions in oil and gas, and corresponding errors in flow rates for the 
case with dual porosity reservoir model. 
 
 
 
a) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-1 in the reservoir model with high and low 
permeability areas when dynamic mass attenuations 
are used. 
 
 
 
 
b) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-1 in the reservoir model with high and low 
permeability areas when static mass attenuations 
are used. 
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c) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-2 in the reservoir model with high and low 
permeability areas when dynamic mass attenuations 
are used. 
d) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-2 in the reservoir model with high and low 
permeability areas when static mass attenuations 
are used. 
 
e) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-3 in the reservoir model with high and low 
permeability areas when dynamic mass attenuations 
are used. 
 
f) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-3 in the reservoir model with high and low 
permeability areas when static mass attenuations 
are used. 
 
g) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-4 in the reservoir model with high and low 
permeability areas when dynamic mass attenuations 
are used. 
 
h) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-4 in the reservoir model with high and low 
permeability areas when static mass attenuations 
are used. 
 
i) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
 
j) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
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well-5 in the reservoir model with high and low 
permeability areas when dynamic mass attenuations 
are used. 
well-5 in the reservoir model with high and low 
permeability areas when static mass attenuations 
are used. 
 
k) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-6 in the reservoir model with high and low 
permeability areas when dynamic mass attenuations 
are used. 
 
l) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-6 in the reservoir model with high and low 
permeability areas when static mass attenuations 
are used. 
 
 
 
Fig.E-11 The changes in H2S weight fractions in oil and gas, and corresponding errors in flow rates for the 
case with high and low permeability reservoir model 
 
 
 
 
 
a) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-1 in the heterogeneous reservoir model when 
dynamic mass attenuations are used. 
 
b) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-1 in the heterogeneous reservoir model when 
dstatic mass attenuations are used. 
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Appendix E  52 
 
c) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-2 in the heterogeneous reservoir model when 
dynamic mass attenuations are used. 
 
d) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-2 in the heterogeneous reservoir model when 
dstatic mass attenuations are used. 
 
e) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-3 in the heterogeneous reservoir model when 
dynamic mass attenuations are used. 
 
f) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-3 in the heterogeneous reservoir model when 
dstatic mass attenuations are used. 
 
g) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-4 in the heterogeneous reservoir model when 
dynamic mass attenuations are used. 
 
h) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-4 in the heterogeneous reservoir model when 
dstatic mass attenuations are used. 
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i) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-5 in the heterogeneous reservoir model when 
dynamic mass attenuations are used. 
 
j) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-5 in the heterogeneous reservoir model when 
dstatic mass attenuations are used. 
 
k) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-6 in the heterogeneous reservoir model when 
dynamic mass attenuations are used. 
 
l) The changes in H2S weight fractions and 
corresponding errors in flow rate measurements in 
well-6 in the heterogeneous reservoir model when 
dstatic mass attenuations are used. 
 
Fig.E-12 The changes in H2S weight fractions in oil and gas, and corresponding errors in flow rates for the 
case with heterogeneous reservoir model. 
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